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The Bacillus subtilis nprE gene lacking its own promoter sequence was inserted in the lactococcal expression
vector pMG36e. Upon introduction of the recombinant plasmid into Lactococcus lactis subsp. lactis strain
MG1363, neutral protease activity could be visualized by the appearance of large clearing zones around
colonies grown on milk agar plates. By measuring the activities of the neutral protease and the intracellular
enzyme lactate dehydrogenase in culture supernatants and cell fractions, it was demonstrated that the neutral
protease was actively secreted into the growth medium. This was corroborated by using the Western blot
(immunoblot) technique, which showed the presence of the mature form of the neutral protease in the culture
supernatant. On the basis of these results, it is concluded that the B. subtilis neutral protease gene was
expressed in L. lactis and that the gene product was secreted into the growth medium and was apparently
correctly processed to produce a biologically active protein. The secretion of this particular enzyme may be
helpful in achieving accelerated cheese ripening.
Recent years have seen an increasing interest in the
genetics and physiology of lactic acid bacteria because of
their importance for major economic activities, primarily
their use in a variety of dairy fermentations. Much effort has
been put into the development of methods to modify these
microorganisms genetically. Transformation systems were
developed, general-purpose cloning vectors became avail-
able, and gene expression signals originating from Lactococ-
cus lactis were analyzed in our and other laboratories (for a
review, see reference 6).
One of the aims of this research is to investigate whether
accelerated cheese ripening is feasible by modification or
overexpression, or both, of the species-specific proteinase
genes. Another major goal concerns the development of
efficient heterologous gene expression systems for the lacto-
cocci. This is of special importance since the lactic acid
bacteria are considered GRAS (Generally Regarded As Safe)
organisms (24) that could safely be used for the large-scale
production of foreign proteins.
Recently, we described the construction of a lactococcal
expression vector and its use in expressing the hen egg white
lysozyme gene in L. lactis (29). The same vector was used in
this work to direct the expression of the Bacillus subtilis
nprE gene. This gene encodes a neutral metalloproteinase.
Several reports have indicated that accelerated cheese rip-
ening can be achieved by the addition of this enzyme to the
curd during the process of cheese making (1, 13-16). The
main problem in this procedure, however, seems to be that
the enzyme is often unevenly distributed in the cheese curd
(14, 15). Therefore, it might be of interest to examine
whether this problem can be circumvented by constructing
an L. lactis strain able to produce the enzyme.
The B. subtilis nprE gene has been shown to consist of an
open reading frame encoding a pre-pro protein with a signal
* Corresponding author.
sequence of 27 to 28 amino acids, an extended pro sequence
of 194 to 193 amino acids, and a mature protein of 300 amino
acids with a predicted molecular weight of 33,000 and an
apparent molecular weight of 45,000 (35). In B. subtilis, the
expression of the nprE gene is subject to a complex, and not
yet fully understood, mechanism of regulation. A regulatory
gene, nprR, was reported to be present upstream of the nprE
gene (28). Furthermore, the expression of the nprE gene was
found to be tightly linked to the onset of sporulation (8, 10,
18, 35), and several pleiotropic mutations have been re-
ported also to affect the production of neutral protease (Npr)
(18, 22, 34, 35).
To express the gene in L. lactis, these complex control
mechanisms were bypassed by replacing the nprE promoter
and preceding sequences with a lactococcal promoter. When
using the regulatory modified gene, we were able to show the
presence of the mature Npr in the culture medium, indicating
synthesis and faithful processing of the precursor.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial
strains and plasmids used in this study are listed in Table 1.
B. subtilis was grown in TY broth (19) or on TY solidified
with 1.5% agar. In B. subtilis protoplast transformation,
DM3 was used as the plating medium (4). L. lactis was
grown in glucose M17 broth (23) or on glucose M17 solidified
with 1.5% agar. To stabilize electroporated cells osmoti-
cally, sucrose (0.3 M) was added to these media. To visual-
ize Npr activity, B. subtilis was grown on TY agar to which
0.8% skim milk had been added. L. lactis was grown on
GMAB agar (12) supplemented with 0.5% glucose for this
purpose.
Kanamycin was used at a concentration of 20 ,ug/ml for B.
subtilis. Erythromycin was used at a concentration of 5jig/ml for B. subtilis as well as for L. lactis.
Isolation of plasmid DNA, restriction enzyme analysis, and
gene cloning. Plasmid DNA was isolated essentially by the
2606
GENE EXPRESSION IN L. LACTIS SUBSP. LACTIS 2607
TABLE 1. Bacterial strains and plasmids
Bacterial strain Properties Source or
or plasmid Prprisreference
B. subtilis Plasmid-free, deficient 11
DB104 in alkaline protease
and Npr
L. lactis subsp. Plasmid-free, protease 7
lactis MG1363 deficient
Plasmid
pNP10 Kmr plasmid containing Gist-brocades NV,
the B. subtilis nprE Delft, The Neth-
gene erlands
pGKV210 Emr shuttle vector 32
pMG36e Emr lactococcal 29
expression vector
pGKV210npr Emr This work
pMG36enpr Emr This work
pGKV500 Emr plasmid containing 12
the L. lactis subsp.
cremoris Wg2 pro-
teinase gene
method of Birnboim and Doly (2). Restriction enzymes,
Klenow enzyme, and T4 DNA ligase were purchased from
Boehringer Mannheim GmbH, Mannheim, Federal Republic
of Germany, and used by following the instructions of the
supplier.
B. subtilis DB104, a strain deficient in Npr and alkaline
protease (11), was used as the host in all cloning experi-
ments. Protoplasts of this strain were prepared and trans-
formed by the procedure of Chang and Cohen (4).
Plasmids were introduced into L. lactis subsp. lactis by
means of electroporation (31).
Enzyme activity determination. For quantitative determi-
nations of Npr (azocoll assay) and lactate dehydrogenase
(LDH) activity, L. lactis and B. subtilis were grown over-
night in GM17 broth or TY broth, respectively. Both media
were supplemented with erythromycin (5 ,ug/ml). Cells from
25 ml of the overnight cultures were collected by centrifu-
gation, washed with a 50 mM sodium phosphate buffer (pH
7.0), and finally suspended in 2.5 ml of the same buffer. To 1
ml of this suspension 1.8 g of glass beads (0.1 mm in
diameter) was added, and the cells were disrupted with the
Shake it, Baby cell disrupter (Biospec Products, Bartlesville,
Okla.) (two 5-min cycles at maximum speed setting and
room temperature). After centrifugation to remove cell de-
bris, using an Eppendorf centrifuge, the protein content of
the lysates was determined by the method of Bradford (3).
Cell lysates as well as culture supernatants were used in the
activity tests.
LDH activity was determined as described by Thomas et
al. (26), using 0.4 mM NADH, 10 mM sodium pyruvate, and
4 mM fructose-1,6-diphosphate in 50 mM triethanolamine
hydrochloride buffer (pH 6.9). To 1,150 ,u of this solution 25
,ul of cell lysate or 50 ,ul of culture supernatant was added.
The rate of NADH oxidation was monitored by measuring
the decrease in optical density at 340 nm.
Npr activity was quantitatively determined by using the
azocoll assay (35). In this assay, 100 RI of cell lysate or 200
,ul of culture supernatant was added to 1.8 ml of a suspension
of 2 mg of azocoll (Sigma Chemical Co., St. Louis, Mo.) per
ml in 10 mM Tris hydrochloride (pH 6.8)-100 mM NaCl-5
mM CaCl2, and the total volume was adjusted to 2 ml with
distilled water. After incubation at 37°C, the optical density
at 505 nm was determined.
Alternatively, an indication of the Npr activity produced
by L. lactis strains was obtained in an o-phthaldialdehyde
assay as described by Church et al. (5).
Western blotting (immunoblotting). L. lactis and B. subtilis
were grown overnight in GM17 or TY broth, respectively.
Both media were supplemented with erythromycin (5 ,ugl
ml). After the cells were pelleted by centrifugation, 2-ml
samples of the supernatants were used. Proteins were pre-
cipitated by the addition of trichloroacetic acid to a final
concentration of 10% at 0°C. After centrifugation, the pro-
tein pellet was washed with acetone, air dried, and sus-
pended in 30 pAl of 10 mM Tris hydrochloride-1 mM EDTA.
Then 30 ,ul of 2 x loading buffer for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (20) was added, and half
of the sample was applied to a 7.5% polyacrylamide gel
(mini-protean II; Bio-Rad Laboratories, Richmond, Calif.).
The electrophoretically separated proteins were subse-
quently electroblotted onto nitrocellulose (Schleicher &
Schuell, Dassel, Federal Republic of Germany), after which
the Npr was detected by the use of a rabbit anti-Npr
antiserum and alkaline phosphatase-conjugated goat anti-
rabbit immunoglobulins (Promega, Madison, Wis.).
Sequence analysis. DNA sequence analysis was performed
by the method of Tabor and Richardson (21) by use of the T7
polymerase system (Pharmacia, Uppsala, Sweden) on dena-
tured plasmid DNA.
RESULTS
Recloning of the nprE gene. To introduce the B. subtilis
nprE gene into L. lactis, the gene was recloned onto two
different broad-host-range vectors, both of which can repli-
cate in L. lactis as well as in B. subtilis.
The cloning strategy is outlined in Fig. 1. First, the BclI
fragment from pNP10 containing the nprE gene and its own
promoter, which is of B. subtilis chromosomal origin, was
inserted into the BamHI site of pGKV210 (32) to yield
pGKV210npr. Second, the MaeI-BclI fragment of pNP10
containing the nprE gene deprived of its own promoter (Fig.
2) was inserted into the SmaI site of the lactococcal expres-
sion vector pMG36e (29) to yield pMG36enpr. To this end,
the MaeI and BclI sticky ends were filled in with Klenow
enzyme. The fusion point proximal to the nprE gene in
pMG36enpr was checked by DNA sequencing (Fig. 3). As
was anticipated on the basis of the known DNA sequences,
an out-of-frame fusion (SmaI-MaeI) was created with the
open reading frame present in pMG36e. Furthermore, stop
codons are present in all three possible reading frames
immediately downstream of the point of fusion. In this
plasmid, the nprE gene is transcriptionally controlled by the
strong lactococcal promoter p32 (33).
Expression of the nprE gene in L. lactis. In B. subtilis
DB104, both plasmids, pGKV210npr and pMG36enpr, gave
rise to the formation of clearing zones after growth on TY
agar with added skim milk (results not shown).
L. lactis MG1363(pGKV210npr) grown on GMAB agar
supplemented with glucose did not show protease activity
(results not shown). In contrast, MG1363(pMG36enpr) pro-
duced large clearing zones, indicating the production of
protease (Fig. 4). This was confirmed by an o-phthaldialde-
hyde assay (Table 2). As a control, strain MG1363
(pGKV500), expressing the L. lactis subsp. cremoris Wg2
proteinase gene (prtP) (12), was included in this assay. The
results presented in Table 2 show that the proteolytic activ-
VOL. 56, 1990
































FIG. 1. Scheme of construction of plasmids pGKV210npr and pMG36enpr. The particularly relevant restriction enzyme sites in pGKV210
and pMG36e used for the construction of these plasmids are indicated by arrowheads. kb, Kilobases.
ity of the Lactococcus strain containing the nprE gene far
exceeds that of the strain containing the lactococcal prtP
gene.
The newly added trait in MG1363(pMG36enpr) provided
this strain with a growth advantage over the control strain
MG1363(pMG36e) in glycerophosphate milk (17) with added
glucose (0.5%), to such an extent that the number of CFUs
of MG1363(pMG36enpr) was approximately 10 times higher
than that of MG1363(pMG36e) after overnight growth. Fur-
thermore, growth of MG1363(pMG36enpr) resulted in clot-
ting of the milk after overnight growth, whereas the control
cultures of MG1363(pMG36e) and MG1363(pGKV500) had
not coagulated.
Secretion of Npr by L. lactis. To prove that the Npr was
actively secreted by L. lactis MG1363(pMG36enpr) and not
merely leaking from the cells because of cell lysis, LDH and
Npr activities were determined simultaneously in the cell
and the supernatant fractions of overnight cultures of L.
lactis. LDH activity is found strictly in the cytoplasm. The
enzyme is involved in lactose metabolism (25) and can be
activated by fructose-1,6-diphosphate, an intermediate in the
glycolytic pathway. The results are summarized in Table 3.
LDH activity was clearly detectable in the cell fractions in
all cases, but not in the culture supernatants, indicating that
little, if any, cell lysis had occurred in the cultures. In
contrast, the Npr activity was only detectable in culture
supernatant fractions.
Npr activity was only detectable in the supernatant frac-
tions of cultures of L. lactis MG1363(pMG36enpr) and B.
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10 20 30 40 50 60
CACATGACACTTGACTCATCTTGATATTATTCAACAAAAACAAACACAGGACAATACTAT
70 80 90 100 110 120(p4' ) ****** ***
(CF37 ) ***** *****
CAATTTTGTCTAGTTATGTTAGTT DTTGTGAGTATTCCAGAATGCTAGTTTAATATAAC
--> ( 1) --> (2 ) --> (3 ) iiaeI
130 140 150 160 170 180
AATATAAAGTTTTCAGTATTTTCAAAAAGGGGGAT ATTGG GGAA--
MetGlyLeuGlyLysLys--
FIG. 2. DNA sequence directly upstream of the nprE gene
according to Yang et al. (35). Putative (43 and cr37 promoter
sequences, as proposed by Henner et al. (10), are indicated by
asterisks. Symbol: -->, Left end points of deletion derivatives made
by Henner et al. (10) showing full (19, intermediate (2O, or no (3)
protease activity in B. subtilis. The MaeI site used for the construc-
tion of pMG36enpr is situated in the proposed promoter area. The
BclI site used in the construction of pGKV210npr is positioned
approximately 500 base pairs upstream of the DNA fragment shown.
ble 3 shows that this activity was inhibited by EDTA, which
is a characteristic of Npr activity.
These results confirmed the earlier observation that the
presence of pGKV210npr gave rise to Npr activity in B.
subtilis DB104, but not in L. lactis MG1363.
Faithful processing of the Npr precursor. The Western blot
technique was used to show the presence of the mature Npr
in the culture supernatant of L. lactis MG1363(pMG36enpr)
(Fig. 5). As controls, the supernatant fractions of B. subtilis
DB104(pGKV210npr) and DB104(pMG36enpr) were applied
to the same gel. The antigens from the L. lactis and B.
subtilis supernatants can be seen to migrate to identical
positions in the gel. Purified Npr from the supernatant of B.
subtilis DB104(pNP10) (30) migrated to the same position
(results not shown). These results strongly suggest that the
Npr precursors in L. lactis and B. subtilis were processed in
an identical way.
DISCUSSION
The B. subtilis nprE gene encoding Npr was recloned onto
two different broad-host-range vectors, pGKV210 and
pMG36e, to allow its introduction into L. lactis. As a host,
L. lactis subsp. lactis MG1363, a plasmid-free, proteolyti-
cally inactive strain, was used.
Under control of its own expression signals, in
pGKV210npr, the gene was not detectably expressed in L.
lactis MG1363, although it was expressed in B. subtilis
DB104. This is probably because the expression of the gene
in B. subtilis is subject to a very complex mechanism of
regulation in which several genes are involved, of both an
activating and a repressing nature. As a consequence, the
ATG GCA ATC GTT TCA GCA GAA AAA TTC GTA ATT CGA GCT
start orf 32
CGF CCT Aar TTA ATA TAA CAA TAT AAA GTT TTC AGT ATT
S=aI-MaeI fusion
TTC AAA AAG GGG GAT TTA TT GTG ---
rbs start Npr coding sequence
FIG. 3. SmaI-MaeI fusion in pMG36enpr. The Npr coding se-
quence starts in a reading frame different from that of the open
reading frame (orf 32) present in the expression vector pMG36e.
Stop codons present in all three reading frames upstream of the Npr
coding sequence are underlined.
FIG. 4. Formation of clearing zones on GMAB-glucose medium
resulting from protease activity. 1, L. lactis subsp. lactis
MG1363(pMG36e); 2, L. lactis subsp. lactis MG1363(pMG36enpr);
3, L. lactis subsp. lactis MG1363(pGKV500).
gene will not be expressed by the lactococcal host if the
activating gene products are not synthesized. Alternatively,
the nprE promoter is not recognized by L. lactis, although
the DNA sequence shown in Fig. 2 is very similar to those of
known lactococcal promoters (33).
When the gene, deprived of its own promoter sequence,
was placed under the transcriptional control of promoter p32
in the lactococcal expression vector pMG36e, the gene was
expressed in L. lactis MG1363. The mode of construction of
pMG36enpr, checked by DNA sequencing, makes us believe
that translation starts at the GTG start codon of the protease
gene, making use of the nprE gene-specific ribosomal bind-
ing site. Arguments in favor of this hypothesis are that (i) an
out-of-frame fusion (SmaI-MaeI) was created with the open
reading frame present in pMG36e, and (ii) immediately
downstream of the point of fusion, stop codons are present
in all three possible reading frames (Fig. 3).
Several independent assay methods confirmed the produc-
tion of protease activity by L. lactis MG1363(pMG36enpr).
This activity was shown to be EDTA inhibitable, as would
be expected for a metalloproteinase like the Npr. Simulta-
neous determination of Npr and LDH activity showed that
the Npr was secreted into the culture medium. Furthermore,
the mature Npr was detected in the culture medium by using
the Western blot technique.
TABLE 2. Proteolytic activity of various L. lactis strains,
as measured in an o-phthaldialdehyde assaya






a See Materials and Methods. OD340, Optical density at 340 nm.
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Bacterial strain of cell in cell super-
lysates lysates Cell Culture na-





MG1363 3.52 -4.02 0.04 0.02 0.02
MG1363(pGKV210) 2.39 -4.65 0.02 0.02 0.02
MG1363(pMG36e) 3.35 -4.76 0.03 0.02 0.02
MG1363(pGKV210npr) 3.21 -4.46 0.02 0.02 0.01
MG1363(pMG36enpr) 3.01 -4.91 0.05 0.21 0.02
B. subtilis
DB104 2.85 -1.86 0.01 0.02 0.01
DB104(pGKV210npr) 2.05 -0.97 0.01 12.76" 0.02
DB104(pMG36enpr) 2.90 -1.62 0.01 16.06b 0.03
" LDH activity in culture supernatants was below detection level in all
cases (AOD340/min, <-0.01). OD340, Optical density at 340 nm.
bNpr activity was determined in a 20-fold-diluted sample, after which the
OD505 reading was multiplied by 20.
From these observations, we conclude that the B. subtilis
Npr can be secreted by L. lactis. In addition, the results
strongly suggest that correct processing occurs, resulting in
the production of a biologically active protein.
Since only the nprE gene was introduced into L. lactis, the
processing of the Npr precursor is most likely accomplished























mined in cell extracts of B. subtilis was about 30-fold higher
than that in L. lactis. A similar observation was made in the
expression of the hen egg white lysozyme gene, using
pMG36e (unpublished observation). Although a host effect
on the efficiency of secretion and/or processing of the Npr
cannot be excluded, the fact that both the production levels
of the intracellular chloramphenicol acetyltransferase and
hen egg white lysozyme and that of the extracellular neutral
protease in L. lactis are all lower than in B. subtilis suggests
that transcription or translation in L. lactis is rate limiting.
That L. lactis can be made to secrete an active Npr may be
of special interest, since by now several reports have dem-
onstrated that this enzyme can be helpful in the acceleration
of cheese ripening (1, 13-16). Production of the enzyme by
one of the strains in a starter may be a solution to the
problem of how to obtain an even distribution of the enzyme
throughout the cheese curd.
The amount of enzyme present during cheese ripening,
however, should be delicately balanced. In fact, too high
amounts can have adverse effects on flavor development
(15). Figure 4 shows the high potential of L. lactis
(pMG36enpr), secreting the Npr, to break down milk pro-
teins, as compared with L. lactis (pGKV500), which pro-
duces the L. lactis subsp. cremoris Wg2 protease. There-
fore, the nprE gene might very well be the first heterologous
gene expressed in L. lactis of which a reduction of the
expression level might be considered, instead of an increase.
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